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ABSTRACT 

Objective. We investigated the effect of a potent TGFβ inhibitor peptide (P144) from the 

betaglycan/TGFβ receptor III on aortic aneurysm development in a Marfan syndrome 

(MFS) mouse model. 

Approach and Results. We used a chimeric gene encoding the P144 peptide linked to 

apolipoprotein A-I via a flexible linker expressed by a hepatotropic adeno-associated 

vector. Two experimental approaches were carried out: (i) a preventive treatment where 

the vector was injected before the onset of the aortic aneurysm (aged 4 weeks) and 

followed-up for 4 and 20 weeks, and (ii) a palliative treatment where the vector was 

injected once the aneurysm was formed (8 weeks-old) and followed-up for 16 weeks. We 

evaluated the aortic root diameter by echocardiography, the aortic wall architecture and 

TGFβ signaling downstream effector expression of pSMAD2 and pERK1/2 by 

immunohistomorphometry, and Tgfβ1 and Tgfβ2 mRNA expression levels by RT-PCR. 

MFS mice subjected to the preventive approach showed no aortic dilation in contrast to 

untreated MFS mice, which at the same endpoint age already presented the aneurysm. 

In contrast, the palliative treatment with P144 did not halt aneurysm progression. P144 

improved in all cases the elastic fiber morphology and normalized the pERK1/2-mediated 

TGFβ signaling. Unlike the palliative treatment, the preventive one reduced the Tgfβ1 and 

Tgfβ2 mRNA levels.  

Conclusions. P144 prevents the onset of aortic aneurysm but not progression once the 

aneurysm is formed. Results indicate the importance of reducing the excess of active 

TGFβ signaling during the early stages of aortic disease progression.  

 

Abbreviations 

AAV: adeno-associated virus/vector  

AngII: angiotensin II 

LOS: losartan 
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MFS: Marfan syndrome  

P144: AAVApolinkerP144 

PE: preventive treatment 

PA: palliative treatment 

PS: physiological serum  

TGFβ: Transforming growth factor beta 

VSMC: vascular smooth muscle cells 
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INTRODUCTION 

Marfan syndrome (MFS) is a severe, systemic genetic disorder of the connective tissue 

that causes aortic aneurysm, ocular lens dislocation, emphysema and bone 

overgrowth1,2,3,4,5,6,7. MFS is caused by heterozygous mutations in the fibrillin-1 gene 

(FBN1)8,9. The most characteristic cardiovascular structural manifestation of MFS is found 

in the aortic root and the ascending aorta, where the aortic wall is dilated, and the tunica 

media shows fragmentation, disorganization and loss of elastic fibers10,11,12. FBN1 

mutations lead to progressive weakening and dilation of the aortic root and its subsequent 

rupture and dissection. However, it is accepted that clinical manifestations of MFS arise 

not only due to the abnormal structural properties of fibrillin-1 microfibrils, but also to 

dysregulation of TGFβ signaling, which is primarily caused by the loss of microfibrils as a 

reservoir for latent TGFβ13,14,15,16. This view was formed thanks to the availability of mouse 

models with reduced FBN1 expression. In MFS patients and mice, an increase was seen 

in the active form of TGFβ17,18,19,20. Furthermore, neutralizing anti-TGFβ antibodies 

prevented aortic aneurysm growth in a mouse model of MFS21,22. In MFS, excessive 

TGFβ signaling enhances proteolysis of the ECM, apoptosis and phenotypic 

differentiation of vascular smooth muscle cells (VSMC), as well as (trans)differentiation 

of VSMC and fibroblasts to myofibroblasts14,20,23. TGFβ mediates its effects through ligand 

binding to a receptor that initiates signaling via phosphorylation of SMADs or ERK1/2 

proteins (among others)24,25. However, the hyperactivation of TGFβ signaling as a 

determinant trigger factor of aneurysm formation has been experimentally questioned26 

based on the following observations: (i) the treatment of Marfan mice (Fbn1mgR/mgR) with an 

anti-TGFβ antibody (1D11) was associated with a trend to disrupt, rather than prevent, 

aortic wall structure and aneurysm in early stages22; (ii) no differences were detected in 

active TGFβ or pSMAD levels in latent TGFβ binding protein 3 in the observed reduced 

aortopathy in Marfan mice in a LTBP3 knock-out background27; (iii) TGFβ receptor II 



6 
 

   
 

disruption in postnatal VSMC accelerated aneurysm growth and impaired aortic wall 

homeostasis28; and (iv) young MFS mice showed aortic dilation without altered TGFβ 

signaling in aortic VSMC. Moreover, aortic dilation and tunica media structural disruption 

were exacerbated by superimposed deletion of TGFβRII with the concomitant decreased 

activation of VSMC TGFβ signaling29. Besides disputed dysregulation of TGFβ signaling, 

other molecular mechanisms suggested as determinants in aortic pathogenesis include 

abnormal mechanosensing of aortic wall stress mediated by increased angiotensin II 

(AngII) signaling and VSMC phenotypic switching20,30,31,32,33,34. Free active and/or latent 

ECM-linked TGFβ superfamily ligands interact with a variety of plasma membrane 

receptors of the aortic mural cells (mainly VSMC). Receptors are type I (TβRI/ALKs), type 

II (TβRII) and type III (TβRIII/betaglycan)35. Betaglycan is a proteoglycan that contains a 

large extracellular domain, a single-pass transmembrane region and a short cytoplasmic 

domain, and is the most abundant TGFβ receptor in many cell types36,37. Betaglycan was 

shown to bind all three TGFβ isoforms (TGFβ1, β2 and β3) with near nanomolar affinity, 

but with a slight preference for TGFβ238, which binds TβRII with an affinity 200–500 fold 

weaker than TGFβ138,39,40. The betaglycan ectodomain undergoes shedding, which 

renders both membrane-bound and soluble forms. The membrane-bound form serves as 

a TGFβ signaling agonist, acting as a local reservoir for TGFβ ligands, as well as 

presenting them to other TGFβ superfamily receptors (types I and II), which modulate the 

resulting signaling output. In contrast, the soluble form of betaglycan binds ligands in the 

extracellular space and effectively reduces this ligand’s availability to cell surface 

signaling receptors, thus inhibiting downstream signaling41
. For this reason, soluble 

betaglycan was postulated as a potential therapeutic target to control TGFβ superfamily 

signaling responses. 

 

Many therapeutic strategies have been developed to interfere with TGFβ signaling and 

almost every component of the TGFβ pathway has been targeted for drug 
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development42,43. Among others, ligand-competitive peptides have progressed to clinical 

development. This is the case of the P144 peptide, which encompasses amino acids 730–

743 from the TGFβ domain of the membrane and soluble forms of betaglycan44. The 

rationale for its use as a potential therapeutic drug is based on the peptide imitating soluble 

betaglycan, sequestering TGFβ from transmembrane signaling receptors and 

consequently antagonizing TGFβ stimulatory signaling44. Importantly, in the presence of 

P144, the TGFβ signaling response is not fully abolished, but simply reduced. This avoids 

potential undesirable secondary effects associated with the absence of TGFβ, such as 

the mid- to long-term risk of tumor promotion after using neutralizing anti-TGFβ antibodies 

or anti-TGFβ receptors I/II drugs45. P144 has been successfully used to block TGFβ-

induced damage in murine models of scleroderma46, periprosthetic capsular, cardiac, 

liver, pulmonary and epidural fibrosis47-51, glioblastoma52, hypertension53,54, liver 

metastasis55 and colon cancer56. 

 

Here, we evaluate P144 as a therapeutic tool to abrogate the pathogenesis of aortic 

aneurysm in a non-lethal mouse model of MFS (Fbn1C1039G/+). However, P144 has a poor 

pharmacokinetic profile due to its short half-life in blood circulation44. To solve this 

problem, the peptide was fused with apolipoprotein A-I, and the resulting fusion protein 

expressed via an adeno-associated viral vector (AAV). A single administration of this 

vector therapy induced sustained expression of the transgene in the liver during the entire 

life of the mice55. The fusion protein circulates in plasma incorporated into HDLs, 

preventing the apolipoprotein A-I the intrinsic hydrophobicity of P144 stabilizing the peptide. 

This viral vector enables sustained in vivo transgene expression of the P144 peptide. Our 

work has additional interest because a recent study reported a significant increase in 

TβRIII/betaglycan protein levels in cultured fibroblasts from MFS patients with dominant-

negative FBN1 mutations, which in turn correlated with Tgfβ1 mRNA expression57. 
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MATERIAL AND METHODS 

Please see the Major Resources Table in the Supplemental Materials. 

Murine model 

Fbn1C1041G/+ mice (hereafter, MFS mice) were obtained from The Jackson Laboratory (Bar 

Harbor, ME 04609, USA) and used as a validated MFS animal model. MFS and sex- and 

age-matched wild type (WT) littermates were maintained on a C57BL/6J genetic 

background. All mice were housed in a controlled environment (12/12-hour light/dark 

cycle) and provided with ad libitum access to food and water. Animal care and colony 

maintenance conformed to the European Union (Directive 2010/63/EU) and Spanish 

guidelines (RD 53/2013) for the use of experimental animals. Ethical approval was 

obtained from the local animal ethics committee (CEEA and the Government of Catalonia, 

protocol approval number 9517-118/7). 

 

Adeno-associated virus (AAV) production 

AAV production was performed as previously indicated55. 293T cells were cotransfected 

with a transfer plasmid carrying the transgene of interest (ApolinkerP144) and the 

pDP8.ape packaging plasmid (PlasmidFactory, Bielefeld, Germany) to generate AAV 

particles of serotype 8 (AAV8). The transfection was performed using polyethylenimine 

“MAX”MW 25,000) (Polyscience, Warrington, PA) for 48 hours. Then, the virus was 

purified from cell lysates using an iodixanol gradient and buffer exchange with 50 ml 

centrifugal filters (Amicon® Ultra-15 Centrifugal Filter Concentrator, Merck, Ireland). Viral 

titers in terms of viral copies per milliliter (vg/ml) were determined by quantitative RT-

PCR. 

 

Quantitative RT-PCR 

Total liver and ascending aorta mRNA from WT and MFS mice were isolated using TRI 

reagent (Sigma, Dorset, UK). Sample concentration and purity were determined in a 
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Nanodrop 1000 spectrophotometer (ThermoScientific). RNA was treated with DNase I 

and reverse-transcribed to cDNA with MMLV RT in the presence of RNase OUT (all 

reagents from Invitrogen) according to the manufacturer’s instructions. 

Expression of the AAV-ApolinkerP144 and Tgfβ1 and Tgfβ2 transcripts was determined 

by quantitative RT-PCR using SYBR Green Supermix (Bio-Rad Laboratories, Hercules, 

CA, USA) and specific primers for each gene (Supplementary Table 1). As Gapdh or 

H3f3a transcript levels remain unchanged across experimental conditions, the expression 

of these housekeeping genes was used to standardize gene expression. The amount of 

each transcript was expressed by the formula 2ɅɅCt(H3f3)−Ct(gene) where Ct is the point at 

which gene fluorescence rises significantly above background fluorescence. RT-PCR 

reactions were performed using Bio-Rad reagents in accordance with the manufacturer’s 

recommended protocol. 

 

Study design and animal handling  

To evaluate the therapeutic effect of the P144 peptide by gene transfer for the treatment 

of MFS-associated aortic aneurysm, 4- or 8-week-old male and female wild-type (WT) 

and MFS mice were infraorbitally injected with physiological serum (PS), AAV encoding 

luciferase (LUC) or AAVApolinkerP144 (P144) expression vectors28. Preventive (PE) and 

palliative (PA) experimental treatments were performed. A representative scheme of of 

both experimental protocols is shown in Supplementary Figure 1. In PE treatment, PS 

and P144 expression vector were single injected to 4-week-old WT and MFS mice until 8 

weeks-old (4 weeks of treatment; PE1) and 24-week-old animals (20 weeks of treatment; 

PE2). For the PA treatment, PS, LUC or P144 expression vectors were single injected to 

8-week-old mice until 24-weeks-old (16 weeks of treatment; PA). At the respective 

outcome time points, mice were subjected to echocardiographic analysis, liver and aorta 

were isolated, fixed for paraffin embedding or immersed in RNA Later (R-0901, Sigma 

Aldrich), frozen and stored at -80ºC. WT and MFS mice received a single injection of 
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physiological serum or the respective LUC or P144 expression vectors (4x1012 vg/mice 

in PS). In the PA approach, a group of WT and MFS mice, injected or not with LUC and 

P144 vectors, also received losartan (LOS) and the combination of both P144 and LOS 

(P144+LOS). LOS was dissolved in drinking water (bottles kept away from the light) to a 

final concentration of 0.6 g/L, giving an estimated daily dose of 40–60 mg/kg/day.  

 

Echocardiography 

Two-dimensional transthoracic echocardiography was performed in all animals under 

1.5% inhaled isoflurane. Each animal was scanned 12–24 hours before sacrifice. Images 

were obtained with a 10–13 MHz phased array linear transducer (IL12i GE Healthcare, 

Madrid, Spain) in a Vivid Q system (GE Healthcare, Madrid, Spain). Images were 

recorded and later analyzed offline using commercially available software (EchoPac 

v.08.1.6, GE Healthcare, Madrid, Spain). Proximal aortic segments were assessed in a 

parasternal long-axis view. The aortic root aorta diameter was measured from inner edge 

to inner edge in end-diastole at the level of the sinus of Valsalva. All echocardiographic 

measurements were carried out in a blinded manner by three independent investigators, 

at two different periods, and with no knowledge of genotype and treatment. 

 

Histomorphometry  

Ascending aorta segments were fixed in 10% formaldehyde and embedded in paraffin. 

Paraffin blocks were sectioned in 5 µm slices. The tunica media was delimited using bright 

field images corresponding to polarized light. Aortic elastic fiber ruptures were quantified 

by counting the number of big fiber breaks in tissue sections stained with Verhoeff-Van 

Gieson. Breaks larger than 20 µm were defined as evident large discontinuities in the 

normal circumferential continuity of each elastic lamina in the aortic media (see Figure 

2C for a representative example). They were counted along the length of each elastic 

lamina for four different, representative images of two non-consecutive sections of the 
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same aorta. The mean was calculated for each sample and then for each animal. Images 

were captured using a Leica Leitz DMRB microscope (40x oil immersion objective) 

equipped with a Leica DC500 camera and were analyzed with Fiji Image J Analysis 

software. In addition, tunica media thickness was measured in the same paraffin sections. 

All measurements were carried out in a blinded manner by three blinded observers with 

no knowledge of genotype and treatment. 

 

Immunolocalization  

Consecutive 5 µm paraffin cross sections were stained with anti-Apolipoprotein A (1:50; 

Santa-Cruz; sc-30089), anti-pSMAD2 (1:100; 3108S, Cell Signaling) anti-pERK1/2 (1:50; 

9101S, Cell Signaling) antibodies. For unmasking epitopes, sections were treated with 

1M Tris-EDTA, 0.05% Tween, pH 9 for pSMAD2 and anti-Apolipoprotein A or with 10 mM 

sodium citrate, 0.05% tween, pH 6 for pERK1/2. Thereafter, sections were rinsed in PBS 

and incubated for 20 min with ammonium chloride (50 mM, pH 7.4) to block free aldehyde 

groups. Sections were permeabilized using 0.3% triton X-100 for 10 min and treated with 

BSA blocking buffer (1%) for 2 h prior to overnight incubation with the primary antibody in 

a humidified chamber at 4ºC. Subsequently, sections were rinsed with PBS, followed by 

1 h incubation at room temperature with the secondary antibody goat anti-rabbit Alexa 

647 (1:1000; Invitrogen, A-21246). Finally, sections were rinsed with PBS and 

counterstained with DAPI (1:10,000). Negative controls were processed in the same 

manner in the absence of the primary antibody. For quantitative analysis, 4 areas of each 

immunostained paraffin section were quantified. The mean was first calculated for each 

sample and then for each animal. All analyses were carried out using Image J software 

and an in-house developed Macro for automated image analysis from pictures taken with 

40x objective magnification. 

 

Statistical analysis 
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All the data shown in the present study is reported as means ± SEM. n refers to the 

number of mice in the in vivo experiments. GraphPad Prism 9 software was used for the 

statistical analysis, where p≤0.05 was considered significant. Normal distribution of all 

data was verified before parametric tests were used. For all datasets, data was analyzed 

with a parametric test using two-way Anova with Tukey post-test. Student’s t test was 

used when only two groups were compared. The statistical test applied in each case is 

indicated in the figure legend. 

All the data shown in the present study is reported as means ± SEM. n refers to the 

number of mice used for the GraphPad Prism 9 software was used for the statistical 

analysis, where p≤0.05 was already considered significant. Normal distribution and equal 

variance data were verified before parametric tests were used. Then, data was analyzed 

using two-way Anova with Tukey post-test for multiple comparison or Student’s t test was 

used when only two groups were compared. For non-parametric test followed data, it was 

applied the Kruskal-Wallis test with Dunn’s post-test for multiple comparison. The 

statistical test applied in each case is indicated in each figure legend. 

 

RESULTS 

AAVApolinkerP144 expression levels in MFS mouse tissues 

ApolinkerP144 is a fusion protein that contains the anti-TGFβ peptide P144 fused via a 

flexible linker to the apolipoprotein A-I, the main component of high-density lipoproteins. 

This fusion protein is stably produced by AAV8. This serotype has the highest liver 

transduction efficiency in mice with a reduced immunogenicity profile58. To check the 

production of the fusion protein in MFS mice, we evaluated its expression by quantitative 

RT-PCR in liver and ascending aorta. As an internal control, we used the same vector 

containing LUC instead of P144. As expected, liver cells highly expressed the P144 fusion 

protein transcript. Moreover, the ascending aorta also significantly expressed the P144 

transcript, although to a lesser extent than liver (Supplementary Figure 2A). Therefore, 
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the liver and the aorta ensure the constitutive expression and bloodstream presence of 

P144 fusion protein throughout the entire treatment period. To indirectly corroborate the 

presence of apolipoprotein A-I-P144 in the aortic wall, we carried out an 

immunofluorescence staining for apolipoprotein A since no anti-P144 antibodies are 

available.  As expected, P144 injected mice expressing the construct (ApolinkerP144) 

showed more fluorescent signal in the adventitia and the media than not injected animals 

(supplementary Figure 2B).  

 

Aortic aneurysm evolution in MFS mice 

Before the injection of AAV, we evaluated by echocardiography the aortic root dilation in 

MFS mice of different ages to obtain a reference pattern of the temporal evolution of aortic 

aneurysm in our murine MFS model under our animal room conditions. MFS mice showed 

clear aortic root dilation at 8 weeks-old, which progressively increased in mice of 12 and 

24 weeks-old. However, no significant changes were detected in the aortic root diameter 

in 4-week-old MFS mice compared with WT animals (Figure 1 and Supplementary Table 

2). The aortic root growth diameter (indicated by the aortic root growth rate) between 4- 

and 8-week-old mice was twice that of MFS compared with WT mice (0.11±0.02 vs. 

0.07±0.02 mm/week, respectively). For older mice, the growth was almost the same 

between WT and MFS mice and their respective age groups (8 vs. 12 and 12 vs. 24 

weeks) (Supplementary Table 3). The analysis of results considering the sex showed no 

significant changes (supplementary Tables 2 and 3) 

 

Aortic root growth, aortic wall histopathology and TGFβ signaling analysis when 

P144 is administered before the onset of aortic aneurysm: preventive treatment 

(PE).  

Using echocardiography, we first analyzed whether P144 affected aneurysm formation. It 

was reported that P144 significantly reduces TGFβ signaling both in vitro and in vivo44,55. 
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The P144 expression vector was injected into young WT and MFS mice just after weaning 

(4 weeks-old). At this age, the aortic root diameter in MFS mice was almost 

indistinguishable from that of WT mice (Figure 1). Four weeks after the P144 injection (8 

weeks-old; PE1), aortic root dilation in MFS mice did not occur, in contrast to PS-treated 

MFS animals (Figure 2A and Supplementary Table 4). Next, we evaluated whether the 

absence of aortic dilation in 8 week-old P144-injected MFS mice was indeed a halt or 

simply a delay in aneurysm onset. To this end, 4 week-old MFS mice were injected with 

the P144 expression vector and the aortic root diameter examined at 24 weeks-old (20 

weeks of preventive treatment; PE2). Results clearly showed that the aortic aneurysm did 

not form in the long term (Figure 2B and Supplementary Table 5). No significant 

differences were observed either between males and females (supplementary Tables 4 

and 5 for PE1 and PE2, respectively). Not only was aortic aneurysm formation prevented 

by P144, but also the characteristic tunica media structural disarrays that usually 

accompany it, such as elastic lamina breaks (Figure 2C) and the augmentation of aortic 

wall thickness (Figure 2D and Supplementary Table 6). 

In parallel to the histomorphometry analysis of the aortic wall, we examined the tunica 

media protein expression levels of TGFβ signaling downstream effectors pSMAD2 and 

pERK1/2 as representatives of the canonical and non-canonical TGFβ signaling 

pathways, respectively. To this end, using immunofluorescence, we evaluated the nuclear 

localization of both phosphorylated forms as indicative of TGFβ signaling activation. P144 

treatment significantly reduced the characteristic nuclear translocation of pSMAD2 and 

pERK1/2 that occurs in non-treated MFS mice (Figures 3A and B, respectively), being the 

normalization more dramatic for the latter than the former.  

Unlike for pSMAD2, P144 treatment significantly reduced the characteristic nuclear 

translocation of pERK1/2 that occurs in non-treated MFS mice (Figures 3A and B, 

respectively). 
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Aortic root growth, aortic wall histopathology and TGFβ signaling analysis when 

P144 is administered once the aortic aneurysm is already formed: palliative 

treatment (PA). 

Next, we evaluated the potential therapeutic effect of expressing P144 once the aneurysm 

is present. Initially, we carried out a pilot experiment with P144 and LUC expressing AAV 

vectors (Supplementary Figure 3). WT and MFS mice of 8 weeks of age were injected 

with the vehicle (physiological serum/PS), LUC (AAVLUC) or P144 (AAVApolinkerP144). 

We measured the aortic root diameter after 16 weeks of treatment in 24 week-old mice, 

when the aortic aneurysm is consolidated (Figure 1). Aortic root dilation occurred in PS- 

and LUC-injected MFS mice and it was indistinguishable from untreated animals. Note 

that P144-expressing MFS mice tended to show a reduction in aortic diameter, although 

statistical significance was not reached. Considering these preliminary echocardiographic 

results and knowing the intrinsic variability of aortic root diameter observed in adult mice, 

we increased the mouse sample size. In addition, we included losartan (LOS) and the 

combination of P144 and LOS (P144+LOS) (Figure 4). The aim of including LOS in 

parallel with P144 treatment was, on one hand, to have a comparative framework, as LOS 

is a well-established effective anti-aortic aneurysm treatment21, and on the other hand, to 

investigate the potential effectiveness of a combined therapy. Unlike LOS, P114 

treatment definitively did not reduce the aortic root diameter (Figure 4A and 

Supplementary Table 7). Note that P144 and LOS co-treatment produced the same 

reduction in aortic root diameter as LOS alone. Like for preventive treatments, no 

differences were observed between males and females following the palliative treatment. 

When analyzing the aortic wall architecture, MFS mice showed a thicker aortic wall than 

WT mice, and LOS fully normalized the size (Figure 4B and Supplementary Table 8). This 

was also the case for P144 and its combined treatment with LOS. As expected, MFS mice 

showed large elastic lamina breaks, but P144, LOS and P144+LOS treatments 
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significantly reduced their number (Figure 4C). 

The MFS-PS mice group showed a TGFβ-associated hypersignaling visualized by the 

increased presence of pSMAD2 and pERK1/2 in VSMC nuclei in the tunica media 

(Figures 5A and B, respectively, and Supplementary Figure 4). This was not observed in 

MFS mice treated with P144, LOS or their combined treatment, whose results were highly 

like those obtained in treated WT animals (Figure 5A and B; see Supplementary Figure 4 

for representative images). Note that P144 protein expression in WT mice was innocuous. 

No differences were observed when results were analyzed by sex (data not shown). 

 

Aortic TGFβ1 and TGFβ2 mRNA expression levels in P144-treated MFS mice  

Since it was reported that betaglycan has a higher affinity for TGFβ2 than for TGFβ1 in 

vitro40, we next evaluated whether the inhibition of aortic aneurysm formation following 

PE and PA treatments may have an impact on TGFβ ligands bioavailability due to 

changes in their gene expression. To this end, we evaluated Tgfβ1 and Tgfβ2 mRNA 

expression levels by RT-PCR in the aortic wall of treated and untreated WT and MFS 

mice. MFS animals showed significantly higher mRNA expression levels for both 

transcripts than WT mice, Tgfβ1 always being more accentuated, regardless of the 

outcome age (8 and 24 weeks-old). PE1 and PE2 treatments caused a significant 

reduction in the gene expression of both TGFβ ligands in MFS mice but not affecting WT 

ones (Figure 6A and B). although the inhibitory effect was more severe for Tgfβ2 than for 

Tgfβ1. Unlike the preventive treatments, the transcriptional levels of both TGFβ ligands 

following PA treatment were almost unaltered in MFS mice (Supplementary Figure 5). 

Therefore, P144 inhibits the overexpression of Tgfβ1 and Tgfβ2 in the aortic wall of MFS 

mice only when it is administered early in the aortic aneurysm, but not later.  

 

DISCUSSION 

We here have examined the use of betaglycan/TGFβ receptor III-derived peptide P144 
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as a potential new therapeutic tool to interfere in the characteristic aortic aneurysm 

development in MFS. To this end we have administered P144 via an AAV-based 

expression vector in MFS mice (C1041G/+) following a preventive (PE) or palliative (PA) 

approach, expressing P144 before or after the aneurysm was generated. The main 

results of our study are: (1) P144 is constitutively expressed both in liver (as expected) 

and to a lesser but significant manner in aorta as well; (2) P144 fully blocks the formation 

of the aneurysm, but not its progression once formed; (3) neither aortic wall disarrays nor 

non-canonical TGFβ hypersignaling (ERK1/2-mediated) occurred when the aneurysm 

was prevented by P144, and (4) P144 injected early can normalize the intrinsic 

abnormally high Tgfβ1 and Tgfβ2 mRNA expression levels in MFS mice.  

Almost two decades ago, it was reported that TGFβ signaling was dysregulated in the 

aortic pathogenesis of MFS. This was based on the full normalization of the aortic wall in 

MFS mice, evaluated by echocardiography and histology using neutralizing anti-TGFβ 

antibodies and LOS (as AT1R activates TGFβ downstream effectors), and on the high 

structural similarity of fibrilin1 with LTBPs21,59. These observations immediately led to 

several clinical trials with LOS where the results were rather frustrating, as no clear 

improvement in aortic root progression was observed60,61. A short time later, new studies 

questioned TGFβ as a determinant primary trigger factor62. When our study was initiated, 

the TGFβ-based hypothesis was prevalent, and we postulated that the betaglycan-

derived peptide P144 might be a promising therapeutic tool to regulate the abnormally 

increased bioavailability of active TGFβ in aortic mural cells. The use of the P144 peptide 

as an anti-TGFβ tool a priori afforded the advantage that it only causes partial inhibition of 

TGFβ signaling, and therefore a better safety profile than tools that completely abolish 

the signaling, thus in turn avoiding, to some extent, the risk of tumor formation62. In this 

respect, we observed that P144, preventively added, indeed abolished the 

overexpression of Tgfβ1 and Tgfβ2 transcripts in MFS mice without significantly affecting 

their normal levels in WT animals. These results indicate that only in MFS, where TGFβ 
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ligands are overexpressed, P144 treatment not only seems to act as a sponge of their 

excess, but also alters both ligands transcription, suggesting a feedback or direct 

regulatory effect within the wall itself. Nevertheless, this transcriptional effect is not 

surprising because using TGFβ inhibitors like galunisertib in liver cancer patients, it is 

observed that the inhibition of the TGFβ pathway by the drug is invariably accompanied 

by a significant reduction of the expression of TGFβ. Importantly, this behavior is used as 

a clinical diagnostic biomarker indicative that the treatment is working in patients (PMID: 

32210440; CRIS-INCLUIRLA EN LAS REFERENCIAS). Moreover, changes in mRNA 

expression levels are not necessarily indicative of a reduced capability of P144 to 

sequester excessive soluble TGFβ ligands with the subsequent reduction of circulating 

and local aortic levels of TGFβ as it would be the case at protein level.  In this way P144 

mimics the role of the endogenous soluble domain of betaglycan, and consequently 

triggers a local compensatory negative signaling response in the aorta of MFS mice. In 

addition, P144 administration via an AAV-based expression vector makes it especially 

attractive as AAVs are considered one of the most effective delivery tools for gene therapy 

due to their low toxicity and mild stimulation of immune responses, and they also facilitate 

a safe, long-term expression of the peptide63.  

The observation that the P144 peptide prevents aneurysm formation both in the short- 

and long-term, but not its progression once formed, confirms a divergent role for TGFβ in 

aortic aneurysm development and growth in MFS, as previously reported22,59, but with 

apparent disputed effects. Ramirez’s laboratory showed that the impact of TGFβ on the 

formation and progression of aortic aneurysm varied (protective or detrimental) depending 

on when cytokine activity was intercepted and on the therapeutic agent used (neutralizing 

anti-TGFβ antibodies or LOS). They concluded that TGFβ hypersignaling is a secondary 

driver of aneurysm progression in MFS, since blocking TGFβ in young MFS animals 

(mgR/mgR) at an early stage of the disease (2 weeks-old/P16) exacerbated the 

aneurysm, whereas treatment at later stages was beneficial22. Along the same line of 
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evidence, but utilizing another MFS mouse model (C1041G/+), Dichek et al., reported that 

the loss of physiologic SMC-associated TGFβ signaling enhanced aortopathy after 

postnatal SMC-specific deletion of TβRII64. Strikingly, the aortopathy developed in the 

absence of detectable alterations in TGFβ signaling in young MFS mice. Moreover, 

thoracic and abdominal aortic disease, induced after AngII infusion, were also both 

exacerbated when a pan-TGFβ neutralizing antibody was given to 8 to 12 week-old 

mice65. These results suggest that it is critical to maintain a physiologic basal TGFβ 

signaling level for early normal aortic development and that its pathologic imbalance will 

probably lead to the appearance of aortopathy. Our results are in accordance with this 

postulate, as P144 expression maintains TGFβ ligands and canonical (SMAD2) and non-

canonical (ERK1/2) downstream signaling pathways at normal levels in MFS mice 

(C1039G/+). However, this was not the case when P144 was administered once aortic 

aneurysm progression had already started. It is possible, that at this stage, aortic P144 

expression levels are not sufficient to reduce the overexpression and availability of 

bioactive soluble TGFβ ligand levels, therefore becoming detrimental. Alternatively, but 

not mutually exclusive, it could be that other mechanisms are involved, mainly acting at 

advanced stages of aneurysm progression, and which also interfere in the expression 

and function of TGFβ, compensating, to some extent, the local inhibitory effect of P144. 

This would be case of AngII-AT1R, whose TGFβ-independent dysregulated mechanisms, 

which participate in vascular mechanical stress, hemodynamic force and/or kinetic 

energy, also primarily contribute to aortic aneurysm progression66,67,68,69. At the same 

time, they could also indirectly interfere in TGFβ-associated signaling for example, 

SMADs pathway and/or in their own TGFβ ligand or receptor expression levels60,70,71,72, 

being altogether determinant in aneurysm growth and rupture. In any case, it is clear from 

this and previous studies that TGFβ is relevant in aortic formation and growth, and its 

signaling levels are also contextually critical in the time window in which its potential 

therapeutic effect finally becomes detrimental or beneficial.  
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Our results with betaglycan-derived P144 peptide highlight recent studies in which cultured 

fibroblasts from MFS patients with dominant-negative FBN1 mutations showed increased 

betaglycan/TβRIII protein levels, which in turn correlated with increased Tgfβ1 mRNA 

expression57. Membrane-bound betaglycan serves as a TGFβ signaling agonist acting as 

a local reservoir for TGFβ ligands and promoting their subsequent high-affinity interaction 

with other TGFβ receptors (TβRI and TβRII), also regulating their expression and 

membrane internalization73. In contrast, soluble betaglycan predominantly acts as a 

ligand-binding decoy preventing the interaction of TGFβ ligands with cell surface 

receptors46. Therefore, presence in the bloodstream and local aorta expression of P144 

acts as an antagonist to the intrinsic MFS-associated TGFβ hyperactivity, normalizing 

bioactive TGFβ ligands to physiological levels.  

We are aware that our study has some limitations: (i) unlike preventive P144 treatment, 

the palliative approach did not reduce the aortic root diameter, conversely to the aortic 

wall organization and TGFβ signaling, which showed an almost total normalization. A 

possible explanation for this disparity is that the histological improvement might not be 

sufficient to have a functional (for example, mechanical) impact that can be resolved by 

echocardiography. However, this would not be the case for the preventive treatment in 

which the P144-treated mice were younger (4 weeks-old), where the aorta is not yet fully 

structurally and functionally developed as in 8 week-old mice, age at which the palliative 

treatment was started. This functional and structural disparity of results has been 

previously observed in MFS experimental and clinical practice74,75 even though other 

studies showed a good correlation between both parameters76,77; (ii) we cannot discard 

that P144 might affect blood pressure, but it is highly unlikely because previous studies in 

rodents clearly stated that blood pressure was unaffected by P144 treatments48; (iii) most 

preclinical studies use the C1041G/+ mouse model, which slowly develops aortic 

aneurysm but rarely ends with aortic dissection. The mgR mouse model, which is a more 

severe model developing the disease and suitable to monitor the survival rate, would have 
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been more appropriate for evaluating the natural progression of aneurysm to dissection 

that occurs in many MFS patients; (iv) a priori, the preventive treatment with P144 in 

human patients does not seem as feasible as any other potential palliative treatment, but 

it cannot be discarded since it might be of help to those patients who suffer the disease 

but have not as yet developed the aneurysm; and (v) AAV8 is not the most suitable AAV 

serotype to use for vasculature, although other serotypes do not largely transduce smooth 

muscle cells either78,79. However, an AAV-based expression strategy guarantees the 

continuous presence of P144 in the bloodstream (mostly coming from liver cells but also 

locally from aortic cells), whose stability is facilitated by its linking to apolipoprotein A-I. 

AAV-mediated expression approach has been very recently reported for oligonucleotide 

to AP-1 transcription factor in MFS80.  This work shows a significant reduction of 

elastolysis in MFS mice (mgR/mgR)80 which not only highlights the relevance of AP-1 in 

aortic wall organization but also reinforces the potential therapeutic use of AAV-based 

therapy for aortic diseases. AAV vector expression technology for treating some 

monogenetic diseases has been applied successfully and two AAV-based drugs have 

received FDA approval28, whose potential translational application is closer in time to that 

based on highly potential patient-derived induced pluripotent stem cells (iPSCs)-based 

technology81,82,83,84. P144 administration via an AAV-based expression vector makes it 

especially attractive as AAVs are considered one of the most effective delivery tools for 

gene therapy due to their low toxicity and mild stimulation of immune responses, and they 

also facilitate a safe, long-term expression of the peptide63.  

 

In conclusion, P144 peptide, mimicking the role of the endogenous soluble domain of 

betaglycan, triggers a local compensatory negative signaling response in the aorta of 

MFS mice and blocks the onset of aortic aneurysm, but not progression once it is already 

formed. This preventive effect is mechanistically associated with the inhibition of TGFβs1 

and 2 overexpression and subsequent hypersignaling (the ERK1/2-mediated one mainly) 
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occurring in MFS aorta, bringing their expression levels to physiological levels. This 

observation is demonstrative of the importance of reducing the excess of TGFβ during 

early stages of aortic disease progression in MFS.  
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HIGHLIGHTS 

• P144 is a peptide derived from the extracellular domain of betaglycan/TGFβ 

receptor III.  

• P144 is constitutively expressed in a murine model of Marfan syndrome 

(C1041G/+) by adeno-associated vector (AAV)-mediated gene therapy. 

• P144 blocks the formation of the ascending aortic aneurysm, but not its 

progression once is already formed. 

• P144 also prevents the aortic wall disarrays and the ERK1/2-mediated TGFβ 

hypersignaling occurred in MFS. 

• P144 reduces the MFS-associated mRNA overexpression of TGFβs1 and 2 in the 

aortic wall.   
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SUPPLEMENTAL MATERIALS 

Online Figures 1-5. 

Online Supplementary Tables 1-8.
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FIGURE LEGENDS 

Figure 1. Aortic root dilation progression in MFS mice. Comparative analysis 

of the aortic root diameter (mm) of wild type (WT) and MFS (Fbn1
C1041G/+

) mice 

of different age groups subjected to transthoracic echocardiography. See 

Supplementary Table 2 for specific values. Statistical analysis: two-way Anova 

and Tukey post-test ***p≤0.001 between WT and MFS, and 
+++

p≤0.001 between 

experimental MFS groups.  

 

Figure 2. Aortic root dilation and aortic wall histomorphometry analysis in 

preventive P144 treatments. Aortic root diameter measured by 

echocardiography in WT and MFS mice of 4 weeks of age treated with 

physiological serum (PS) or AAVApolinkerP144 (P144) for a period of 4 weeks 

(PE1; A) or 20 weeks (PE2; B); see respective Supplementary Tables 4 and 5 for 

specific values. (C) Number of large discontinuities in the elastic lamina of the 

tunica of the ascending aorta (360°) from WT and MFS mice preventively treated 

(PE1) with PS or P144 expression vector. On the right, representative elastin 

histological staining (Elastin Verhoeff´s Van Gieson) of the ascending aorta. 

White arrow indicates a representative large elastic discontinuity counted in the 

elastic lamina of MFS mouse aortic tissue. Bar 50 µm. (D) Tunica media thickness 

(in µm) of the ascending aorta (360°) from WT and MFS mice preventively treated 

(PE1) with PS or P144 expression vector. See Supplementary Table 6 for specific 

values. All results are the mean ± SEM. Two-way Anova and Tukey post-test 

(A,B,and D) and Kruskal-Wallis and Dunn’s post-test (C); *p≤0.05, ***p≤0.001 

between WT and MFS; 
+
p≤0.05 and 

+++
p≤0.001 between experimental MFS 

groups . 
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Figure 3. TGFβ signaling in the tunica media after preventive P144 

treatment. TGFβ signaling response evaluated by visualization of the nuclear 

localization of the phosphorylated forms of SMAD2 (pSmad2; A) and ERK1/2 

(pErk1/2; B and C) in the tunica media of ascending aorta. C). Representative 

immunofluorescence staining for pERK1/2 performed in paraffin-embedded 

aortae from 4-week-old WT and MFS mice treated with physiological serum (PS) 

or P144 expression vector for 4 weeks (PE1). Results are the mean ± SEM. 

Kruskal-Wallis and Dunn’s post-test; *p≤0.05 and ***p≤0.001 between WT and 

MFS mice; 
+
p≤0.05 between experimental MFS groups.  

 

Figure 4. Aortic root dilation and aortic wall histomorphometric analysis of 

palliative P144 treatment (PA) and comparative study with losartan. (A) 

Aortic root diameter measured by echocardiography in 8 week-old WT and MFS 

mice treated with physiological serum (PS) or AAVApolinkerP144 (P144), LOS or 

P144+LOS for 16 weeks. This is a larger study from the pilot shown in 

Supplementary Figure 3, where the sample size was increased, LUC expression 

vector was no longer included, and two new, parallel experimental groups were 

added: losartan (LOS) and P144 co-treated with LOS (P144+LOS). See 

Supplementary Table 7 for the specific values of each treatment. (B) Tunica 

media thickness of the ascending aorta (360°) from WT and MFS mice. See 

Supplementary Table 8 for specific values. (C) Number of large discontinuities in 

the elastic lamina of the tunica of the ascending aorta (360°) from WT and MFS 

mice. Representative elastin histological staining (Verhoeff´s Van Gieson) of the 

aortic wall of WT and MFS mice subjected to the treatments indicated are shown 
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on the right. White arrow indicates an example of a large elastic lamina 

discontinuity seen in the MFS mouse aortic media. Bar, 50 µm. PS, physiological 

serum/vehicle; P144, AAVApolinkerP144 expression vector; LOS, losartan; 

P144+LOS, mice expressing P144 and treated with losartan. Results are the 

mean ± SEM. Two-way Anova followed by Tukey post-test. **p≤0.01, ***p≤0.001 

between WT and MFS mice groups (genotype); +p≤0.05, ++p≤0.01 and +++ 

p≤0.001 between the indicated experimental MFS groups.  

 

Figure 5. TGF-β signaling in the tunica media after palliative treatment with 

the P144 expression vector. Immunofluorescence analysis of activated 

phosphorylated forms of SMAD2 (A) and ERK1/2 (B) localized to nuclei of VSMC 

of the tunica media of paraffin-embedded aortae from WT and MFS mice 

subjected to the experimental treatments indicated. Representative 

immunofluorescence images of each immunostaining and experimental group 

are shown in Supplementary Figure 4. PS, physiological serum/vehicle; P144, 

constitutive expression of AAVApolinkerP144 expression vector; LOS, losartan; 

P144+LOS, constitutively expressing P144 co-treated with losartan. Results 

expressed as the mean ± SEM. Kruskal-Wallis and Dunn’s post-test; *p≤0.05 and 

***p≤0.001 between WT and MFS (genotype); 
+
p≤0.05, ++p≤0,01 and 

+++
p≤0.001 

between the indicated experimental MFS groups.  

 

Figure 6. Tgfβ1 and Tgfβ2 mRNA expression levels in preventive P144 

treatments. RT-PCR for Tgfβ1 and Tgfβ2 in WT and MFS mice (4 weeks-old) 

treated with P144 expression vector for 4 weeks (PE1) (A) or 20 weeks (PE2) 

(B). PS, physiological serum/vehicle; P144, constitutive expression of 
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AAVApolinkerP144 expression vector. Results are the mean ± SEM. Number of 

mice examined in PE1: WT-PS (n=12), WT-P144 (n=3), MFS-PS (n=12), MFS-

P144 (n=4); number of animals evaluated in PE2: WT-PS (n=8), WT-P144 (n=6), 

MFS-PS (n=9), and MFS-P144 (n=6). mRNA expression values were normalized 

to Gapdh expression as a housekeeping control gene and reported as relative 

expression compared with WT using the 2-ΔΔCt method. Kuskal-Wallis and 

Dunn’s post-test (A; PE1); and Two-way Anova followed by Tukey post-test (B; 

PE2). *p≤0.05, **p≤0.01 and ***p≤0.001 between WT and MFS mice groups 

(genotype); +p≤0.05, ++p≤0.01 and +++p≤0.001 between the indicated 

experimental MFS groups.  

  



40 
 

   
 

FIGURE 1 

 

 

  



41 
 

   
 

FIGURE 2 

 

  



42 
 

   
 

FIGURE 3 

 

 

  



43 
 

   
 

FIGURE 4 

 

 

 

 

  



44 
 

   
 

FIGURE 5 

 

 

  



45 
 

   
 

FIGURE 6 

 

 


